Nothofagus alpina, N. obliqua, N. glauca, N. leonii, N. dombeyi and N. pumilio seeds exhibited consistent, albeit slight, sensitivity to extreme desiccation, but nevertheless maintained viability at low moisture contents and cool temperatures (2 108 to 2 208C) over 2 years. Nothofagus alpina, N. obliqua, N. glauca, N. leonii and N. dombeyi conformed to the seed viability equation of Ellis and Roberts; sensitivity of longevity to temperature was quantitatively similar to that of crop seeds, sensitivity to moisture was somewhat less, and a low-moisture-content limit to the equation was detected at 4.8% moisture content in hermetic storage at 65 8C, and possibly similar moisture contents at 30 -408C. These five species show orthodox seed storage behaviour. Therefore, ex-situ conservation of these Nothofagus species in seed banks is possible, but the quality of seed lots collected requires attention. Seed storage behaviour was not defined in N. pumilio: initial seed quality was poor and loss of viability was detected over 2 years at 08, 2108 and 2 208C at 2.7% moisture content, but not at 5.2%. The results confirm that the economy of nature in seed storage physiology extends to forest tree seeds, but the repeated observation of reduced sensitivity of longevity to moisture in forest tree seeds requires further investigation.
Introduction
Nothofagus species are important native timber trees in Chile (Rodríguez et al., 1983) , with some potential for Europe (Tuley, 1980; Destremau, 1989) . While 10 of the 35 southern hemisphere temperate forest species are present in southern Chile (Donoso, 1996) , forest substitution with exotics, and logging for fuelwood and woodchips, endanger these forest genetic resources (Lara and Veblen, 1993 ). The three vulnerable and one endangered Nothofagus species in Chile (Benoit, 1989; Arroyo and Hoffmann, 1997) are scarcely represented within in-situ conservation (Armesto et al., 1992) . Accordingly, ex-situ conservation by long-term seed storage (FAO, 1993) might supplement in situ approaches if Nothofagus species show orthodox seed storage behaviour. Orthodox seeds (Roberts, 1973) survive considerable desiccation, and the response of the seed survival period to an air-dry environment can be quantified by the viability equation (Ellis and Roberts, 1980) , but information on seed storage behaviour in Nothofagus is limited (Gordon and Rowe, 1982; Escobar and Donoso, 1996) .
More generally, the literature on tree seed physiology shows a tendency to diverge from that for other species. Such divergence might contradict the economy of nature in seed physiology, or just reflect quantitative extremes (Ellis, 2003) . This question is considered in the context of the effect of storage environment and period on seed survival in several Nothofagus species.
Materials and methods
Nothofagus obliqua (Mirb.) Oerst., N. alpina (P. et E.) Oerst., N. leonii Esp., N. glauca (Phil.) Krasser, N. dombeyi (Mirb.) Oerst., and N. pumilio (P. et. E.) Krasser seeds were obtained from Chile. These had been collected in 1996 -1997 (except N. leonii, collected in 1994) , and maintained under cool (c. 58C) and dry (c. 10% moisture content) conditions post-collection. All lots had a comparatively high proportion of nuts containing a seed (up to 76%) and high viability (over 71% germination), except for N. dombeyi (53% germination) and N. pumilio (38% viable embryos from a tetrazolium test), when received in May 1998. Empty nuts were discarded by density using a ventilated column (Ellis et al., 1985) at receipt, except those of N. leonii and N. glauca, which were removed after each germination test.
Seed moisture contents of sub-lots were adjusted by humidification above water at 208C, or drying in forced air at 15-17% RH and 15-178C to 6-10% moisture content, or over regenerated silica gel at 208C to below 6% moisture content. Seeds took 5 -9 d to dry from 10% to 2-3% moisture content. Sub-samples were stored hermetically at 58C for 5-8 d to allow moisture to equilibrate within and among seeds, before determining equilibrium relative humidity at 208C, using a Novasina Humidat IC1 (Novasina, Zurich, Switzerland), and moisture content (freshweight basis, fwb), using the low-constant-temperature-oven method (International Seed Testing Association, 2004) . Oil contents were determined by SOXFLO extraction (Brown and Mueller-Harvey, 1999 ) from 2-3 g of ground samples of embryo and calculated on a dry basis (Leó n-Lobos, 2000).
Experiment 1: Seed desiccation, storage and survival
A factorial design combining different moisture contents (2.2 -14.5%, depending on species), cool temperatures (2208 to þ108C, depending on species), and storage periods (30-730 d, depending on treatment combination), was applied to each lot to define the seed response to both desiccation and storage. For each lot at each moisture content, 4-10 samples of 100-225 seeds (Table 1) were sealed in laminated aluminium-foil packets and stored in an incubator at the indicated temperature for up to 730 d.
Viability was then estimated by determining the ability to germinate (one packet per treatment combination). Before each test, seeds with , 10% moisture content were humidified above water at 208C for 24 -72 h to avoid imbibition damage (Hong and Ellis, 1996) . Seeds were sown in moist, rolled paper towels in polythene bags and placed in an incubator at 58C for 30 -90 d to break dormancy. In two seed lots, gibberellic acid was used to promote germination, because they did not respond to the cool treatment. After the dormancy-breaking treatment, seeds were incubated for 30 -60 d, depending on species, at 258 or 258/308C to promote germination (Table 1) . Normal germination (percentage of full seeds) was recorded (International Seed Testing Association, 2004) .
Experiment 2: Seed storage longevity in response to environment For each lot, 10 samples (with 100 -225 seeds in each, Table 1 ) at each combination of moisture content (2.2 -14.4%, depending on lot) and temperature (10 -408C, depending on lot) were stored hermetically in sealed, laminated aluminium-foil packets. Packets were withdrawn from storage at different intervals, ranging from 6 h to 730 d, and seed viability estimated. The storage environments provided varied among lots, depending upon seed availability.
Experiment 3: Low-moisture-content-limit to the viability equation A further investigation was carried out, similar to the above, with seeds of N. alpina and N. obliqua 
Data analysis
GENSTAT 5 (GENSTAT 5 Committee, 1997) was used for all statistical analyses. To discover Nothofagus species sensitivity to desiccation, conjoint regression analysis on angular-transformed percentage germination was performed, while analysis of variance on angular-transformed percentage germination values was applied to detect storage period and/or environment effects on viability in Experiment 1. Seed survival curves from Experiment 2 were subjected to probit analysis:
where v is probit percentage viability, K i the intercept, p the storage period (days) and s the standard deviation of the frequency distribution of seed death in time (d) (Ellis and Roberts, 1980) . These estimates of s were then fitted by multiple regression analysis to:
where K E , C W , C H and C Q are (species) constants, m and t seed storage moisture content (%, fwb) and temperature (8C) (Ellis and Roberts, 1980) . Similarly, the effects of equilibrium relative humidity and storage temperature on seed longevity were determined in accordance with the modified equation:
where C RH is the constant quantifying the semilogarithmic response to relative humidity (RH, expressed as %), while K E , C H and C Q have the same role as in equation (2), but with different numerical values . To provide the widest range of environments, survival curves from Experiment 1 for N. alpina lot 1, N. obliqua and N. leonii at 08C/14.5%, 08C/ 13.9% and 108C/12.4% moisture content, respectively, were added to the Experiment 2 data set to which the above equations were fitted.
Results

Experiment 1: Seed desiccation, storage and survival
The majority of seeds tolerated desiccation to moisture contents as low as 2.6-3.8% when tested immediately after desiccation ( Fig. 1) , but a small reduction in viability was observed when moisture content was reduced below c. 5%. For example, viability was maintained at 96 -97% in seeds of N. obliqua dried from 13.8 to 5% moisture content, but declined by c. 3% when seeds were further dried to 2.9%. This decline was significant (P , 0.01) in the conjoint analysis of all lots, with no difference (P . 0.5) in sensitivity among them. Viability was affected (P , 0.001) by the moisture content, temperature and period of storage and their interactions, whereby viability at the drier treatment combinations was maintained over the 2-year study. Results for N. alpina, lot 1 provide an example: no loss in viability was detected during storage at all combinations of 08, 2 108 or 2 208C with 3.1-9.7% moisture contents (Fig. 2) . At 12.2 -14.5% moisture contents, loss in viability was more rapid at 2 208C than at the warmer temperatures, presumably due to freezing damage at these high (79-87%) equilibrium relative humidities. Similar results were obtained in the other species (Leó nLobos, 2000), with one exception. N. pumilio showed poor germination at receipt (Fig. 1 ) and considerable variability beyond 300 d of storage at the lowest moisture content studied [2.7% moisture content (MC), 11% equilibrium relative humidity (eRH)] at all three temperatures (108, 08 or 2 208C), such that survival after 610 d was only half the original value (Fig. 3) . In contrast, there was no loss in viability over this period at 5.2% moisture content for seeds stored at 08 or 2 208C.
Experiment 2: Seed storage longevity in response to environment After 730 d of hermetic storage, seed survival curves were obtained in the majority of environments. As the example for N. obliqua (Fig. 4) shows, viability was maintained throughout the study at cooler -drier treatment combinations, with more rapid loss in viability the greater the storage temperature and/or seed moisture. Seed survival curves, fitted by probit analysis in accordance with equation (1), could be constrained to a common origin among environments within each of N. dombeyi, N. glauca, N. obliqua and N. leonii, i.e. K i did not vary (P . 0.05 to P . 0.1, depending on species), and the fitted curves quantified observations satisfactorily (e.g. 7.3% moisture content at 308C, Fig. 4) or well (e.g. 12.6 -13.8% moisture content at 10-408C, Fig. 4) . Estimates of K i varied from 0.10 in N. dombeyi to 2.07 in N. obliqua, simply reflecting the differences in the initial quality of these seed lots (Fig. 1) . In both lots of N. alpina, differences in K i among environments were detected, possibly reflecting the effect of initial desiccation on viability (Fig. 1) ; for the subsequent analyses, estimates of s from curves constrained to a common K i within each lot were used.
The effect of storage environment (5 -15% moisture content at 0-408C) on Nothofagus seed longevity was quantified well by equation (2) (Table 2, Fig. 5 ), with no difference (P . 0.05) between the two lots of N. alpina, no difference (P . 0.5) in the response to temperature among the five species, but with differences among species in K E (P , 0.001) and in C W (P , 0.05). Among these Nothofagus species, there was no correlation (P . 0.25) between embryo oil content (Table 2) and the estimates of C W . C W was lowest for N. glauca (Table 2) , but a separate analysis showed that estimates for the remaining four species did not differ. Hence the present data may not have provided sufficient variation for a rigorous test of the effect of embryo oil content on C W . Observations at 2-4% moisture content had poorer longevity than would be expected by extrapolation of the relationship from greater moisture contents, while those for N. leonii at 15% moisture content were slightly greater (Fig. 5) . Longevity for N. dombeyi stored at 208C with 5.0% or 7.5% moisture content could not be estimated, because no loss in viability was detected within the 600-day study: i.e. longevity at 208C with 5.0% or 7.5% moisture content was considerably greater than at 2.2% or 11.3% moisture content (Fig. 5 ).
Experiment 3: Low-moisture-content-limit to the viability equation
The above deviation at low moisture contents was confirmed: there was a low-moisture-content-limit (m c ) at 4.8% to the negative logarithmic relationship between moisture content and longevity of seeds of N. alpina and N. obliqua in hermetic storage at 658C (Fig. 6 ). Seeds at m c were in equilibrium with 15% RH at 208C when prepared for storage. Further desiccation from m c to around 2% moisture content had no additional effect on longevity, but there was some suggestion that the very driest samples (i.e. below 2%) showed slightly poorer longevity.
Discussion
Nothofagus alpina, N. obliqua, N. leonii, N. glauca and N. dombeyi show orthodox seed storage behaviour (Fig. 5 ). Insufficient seeds of N. pumilio were available to determine whether or not survival in air-dry storage conforms with the seed viability equation, while some problems were apparent at the lowest moisture content in the initial storage study (Fig. 3) . Accordingly, while it is more likely that N. pumilio shows orthodox rather than intermediate seed storage behaviour (and the problems we encountered were due to a very poor quality, non-homogeneous seed lot, see Fig. 1 ), further investigations are required. Slight but significant, consistent, progressive reductions in the estimates of viability provided by germination tests were apparent with considerable desiccation from 14.5 to 2.2% moisture content (Fig. 1) . We do not feel that this invalidates the conclusion regarding orthodox seed storage behaviour. First, to show significance with slight reductions, it was necessary to combine results for all species and lots. Secondly, in some species the estimates of viability of some low-moisture samples increased slightly during subsequent long-term, cool, storage. Two explanations are possible. First, despite humidifying samples to . 15% moisture content before testing for germination, imbibition injury may have occurred in a minority of seeds within some of the driest samples. Secondly, extreme desiccation may have increased dormancy (Wood et al., 2000) that the long-duration dormancybreaking treatments might not have been sufficient to overcome.
The response of Nothofagus seed longevity to hermetic storage environment was described well, across a wide, but finite, range of moisture constants (Fig. 5) , by the improved seed viability equation of Ellis and Roberts (1980) . Previous studies have indicated that the quantitative effect of temperature on seed longevity does not differ greatly, or at all, among orthodox species (Ellis et al., 1982; Tompsett, 1986; Ellis, 1988; Dickie et al., 1990) . There was no difference among these five Nothofagus species in the relative effect of temperature on longevity (Table 2) . Moreover, although the estimates of each of C H and C Q differ from those provided for different species by Dickie et al. (1990) , their combined effect describes a very similar effect of temperature on longevity within the temperature range investigated here. Accordingly, we conclude that the relative effect of temperature on seed longevity in Nothofagus is no different from that in other orthodox species.
For Nothofagus, estimates of C W , which quantify the relative sensitivity of seed longevity to moisture content, are higher than those obtained for some other tree species (Tompsett, 1986; Bonner, 1994; Tompsett and Kemp, 1996; Medeiros et al., 1998; Lima and Ellis, 2005) . Nevertheless, the suspicion that tree seed longevity is less sensitive to moisture than that of herbaceous species (Tompsett, 1994; Hong and Ellis, 1996) is supported by a re-analysis of the current results, where a negative semi-logarithmic relation between equilibrium relative humidity and longevity [equation (3), Fig. 7 ] replaces the negative logarithmic relation between moisture content and longevity [equation (2), Fig. 5 ] in the viability equation. The estimate of C RH , 0.0263 (Table 2) , did not differ among these Nothofagus species, and so all five showed a 1.8-fold increase in longevity with each 10% reduction in equilibrium relative humidity. This estimate is lower than 0.0346 and 0.0376 reported for certain crop seeds Ellis et al., 1989 Ellis et al., , 1990 or 0.0356 for the parasitic weed Orobanche species (Kebreab and Murdoch, 1999) , but greater than that of 0.0207 for the tropical tree Astronium urundeuva (Medeiros et al., 1998) . Hence, these results for Nothofagus do not support the concept of a universal value of C RH for plant species.
Discontinuities in the response of longevity to seed storage moisture content were recorded at both extremes, as expected . At high moisture contents two categories of discontinuities were identified, both related to the presence of free water . Rapid reduction in seed viability occurred in N. alpina, N. obliqua and N. leonii stored at . 12% moisture content when combined with 2 208C (e.g. Fig. 2 ) and sometimes 2108C. This occurred at equilibrium relative humidities of 79% and greater, and was probably a result of the free water in the seeds freezing, which reduces longevity greatly (Kraak and Vos, 1987; Roberts and Ellis, 1989; Zewdie and Ellis, 1991) . Advice to maintain seed storage moisture contents to values in equilibrium with 65% RH or below, to avoid freezing damage at 2 208C (Zewdie and Ellis, 1991 ) is more than satisfactory for Nothofagus (Fig. 2) . At the warmer temperature of 408C and 15% seed moisture content in N. leonii (Fig. 5) , longevity was slightly greater than provided by extrapolation of the viability equation. This is an equilibrium RH of 96%, at which RH and temperature the free water status and limited (in sealed containers) oxygen present may enable some repair of seed deterioration in storage (Ibrahim and Roberts, 1983; Roberts and Ellis, 1989 ). (2) with viability constants given in Table 2 . Observations beyond fitted lines (lowest moisture content in all but N. alpina lot 2, plus greatest moisture content in N. leonii) were excluded from analysis.
At the other extreme, the low-moisture-contentlimit to the viability equation at 658C (Fig. 6 ) was in equilibrium with about 15% RH. This value is slightly greater than, but otherwise in good agreement with, both the 10-12% RH and the broken-stick relation detected in crop species (Ellis et al., , 1889 (Ellis et al., , 1992 , and indeed in other plant propagules such as conidia (Hong et al., 1998) . Similarly, inspection of the semi-logarithmic relation between equilibrium relative humidity and longevity shows this limit to be at around 10 -15% RH at 30-408C (Fig. 7) , and so little or no different from the estimate in a much warmer environment.
There is considerable support from these results for the economy of nature in the quantitative response of the air-dry storage survival of these forest tree seeds. This augurs well for the successful conservation of Nothofagus species, and other forest tree species with orthodox seed storage behaviour, in ex situ gene banks. Nevertheless, the poor initial quality of some of these lots (Fig. 1) , combined with considerable dormancy (e.g. the long periods required to break dormancy and promote germination), illustrate some of the difficulties in maintaining forest tree seed supplies (Ellis, 2003) , which require further attention so that seed physiology can provide informed support for the Convention on Biological Diversity. Table 2 . Observations beyond fitted lines [the lowest equilibrium relative humidity (eRH)] in N. dombeyi were excluded from analysis. Note also that the longevity of N. dombeyi at 13.6% and 32.0% eRH at 208C was considerable and so could not be estimated (see text for the results of Experiment 2).
